Abstract-This paper presents a novel gm-enhanced differential Colpitts voltage-control oscillator (VCO) that requires a lower start-up current. The central frequency is 1.8-GHz and the tuning range is about 15%. The tank inductors were designed with a quality factor of 9. The proposed gm-enhanced differential Colpitts VCO was compared with conventional cross-coupled VCO as well as differential Colpitts VCO, and demonstrated 3.5 dBc/Hz and 1.9 dBc/Hz better phase noise performances over the two. Comparison of the three VCOs was conducted at 2.5-V supply voltage and 3-mA biasing current, using 0.18-μm standard CMOS process. The proposed VCO showed a phase noise of -128.9 dBc/Hz at 1-MHz offset.
I. INTRODUCTION
The Voltage-controlled oscillator (VCO) is one of the most important functional blocks in a frequency synthesizer where it plays a vital role in determining the performance of a system. Due to the explosive growth in wireless communication in the last decade, growingly stringent requirements have been placed on the spectral purity of the VCOs. As a result, VCOs have been continuously studied and improved [1] , [2] to attain lower phase noise, lower power consumption, wider tuning range, and so on.
Till now, many structures have been used to improve the performance of the VCOs. The cross-coupled LC VCOs have been a preferred choice compared with other topologies due to their relaxed start-up condition, ease of implementation, differential operation and relatively good phase noise [3] , [4] . A typical cross-coupled LC VCO schematic is shown in Fig. 1 . However, some barriers such as AM to FM conversion mechanism [5] , [6] in active device have to be overcome before it can realise the desired superior performance. Another topology, the Colpitts VCOs [7] , [8] , can achieve lower phase noise because of its finer cyclostationary noise properties. Then again, the single-ended Colpitts VCOs are rarely adopted in integrated circuits because of their higher start-up requirements and single-end nature, until the differential Colpitts VCOs were reported.
Based on the differential Colpitts topology [9] , a novel Gmenhanced differential Colpitts VCO is presented in this paper. From experiments on 0.18-μm standard CMOS process, we achieved a VCO operating at 1.8 GHz with a 2.5 V supply voltage. The tank inductors have quality factors of 9 and the phase noise at 1 MHz offset is -128.9 dBc/Hz. The rest of the paper is organized as follows. Section II reviews the gm-boosted differential Colpitts topology and the proposed circuit structure is explained in details in Section III. In Section IV, the simulation results of the gm-boosted differential Colpitts VCO, differential Colpitts VCO and conventional cross-coupled VCO are compared and discussed. Finally, Section V presents the conclusion of this paper.
II. DIFFERENTIAL COLPITTS VCO Colpitts VCO has been exhibiting brilliant phase noise property. Most of the noise is injected into the tank during the energy transfer process. In the conventional cross-coupled VCO, the energy is delivered into the tank at the maximum impulse sensitive point of oscillation. This property significantly deteriorates the phase noise performance of the conventional cross-coupled VCO. In Colpitts VCO, the energy is instead delivered to the LC tank at the minimum impulse sensitive point [10] of oscillation. Thus, a better phase noise can be expected in Colpitts VCO as compared to the crosscoupled LC VCO. However, conventional Colpitts VCO suffers from the many limitations mentioned in the introduction section, especially the single-end topology. As a result, a differential Coplitts VCO is not only expected but also necessary. Fig. 2 shows the schematic of a differential Colpitts VCO [9] . A differential output can be achieved by coupling two identical single-end Colpitts oscillators. The source-to-ground capacitors of the two oscillators can be replaced by one capacitor between their sources, which is C 2 in the Fig. 2 .
When the differential Colpitts VCO oscillates, the current flows in one transistor (i.e. M 3 ) switches to the other transistor (i.e. M 4 ) every half oscillation period. The switch has to occur in a synchronized manner and can be achieved by a pair of cross-coupled NMOS, denoted as M 1 and M 2 in Fig. 2 . The fast current switching between M 1 and M 2 can suppress noise contributions from the active devices during the zero-crossings of the tank voltage and hence improving on the phase noise characteristics. Meanwhile, the tail cross-coupled NMOS pair can also provide a negative resistance to improve the smallsignal loop gain, relaxing the start-up condition accordingly.
III. GM-ENHANCED DIFFERENTIAL COLPITTS VCO
Based on the differential Colpitts VCO structure, a gmenhanced differential Colpitts VCO is proposed in this section and Fig. 3 3 collectively construct the current source, C b is used to block the extra noise from the current source, M 1 -M 2 realize the tail current switching mechanism mentioned in Section II, and M 3 -M 4 are the gm-enhanced transistors. According to [11] , coupling signal from the source to gate terminal of a transistor can enhance the effective transconductance, to relax the startup requirement of the Colpitts oscillator. In addition, due to the in-phase relationship between the source and drain voltage, the gate can be alternatively connected to the drain of the transistor. As seen in Fig. 3 , instead of directly connecting the gates of M 3 and M 4 to the biasing voltage, the gate of M 3 is joined to the drain of M 4 and the gate of M 4 to the drain of M 3 . Such connection allows M 3 and M 4 to be self-biasing, requiring no biasing resistor. In addition, the cross-coupled structure of M 3 and M 4 can further increase the transconductance of the VCO as well as the tank amplitude and overall small signal loop gain. As a result, a better phase noise performance and a lower startup current can be expected.
The small-signal admittance looking into the drain of M 3 of the proposed VCO is 
By comparing (2) and (3), C C = , the negative conductance increased by three times. As a result, the biasing current required to ensure a reliable start-up is reduced. Also, the tank amplitude is increased and a better phase noise performance can be expected.
IV. SIMULATION RESULT
To compare the performances of conventional crosscoupled VCO, differential Colpitts VCO and the proposed gmenhanced differential Colpitts VCO, circuits in Fig. 1, Fig. 2 and Fig. 3 are simulated using Cadence SPECTRE with 0.18-μm standard CMOS process. The two 2.5 n tank inductors have quality factors of 9. The supply voltage is 2.5 V. The tanks of three VCOs are constructed with the same varactors and inductors to make the results comparable. Only C tune is changed in each VCO to tune the central frequency to 1.8 GHz. The channel length of the NNOS varactors is optimized to maximize the quality factor while maintaining a good tuning range.
We first bias the three VCOs using the same biasing current i.e. 3 mA, to compare the phase noise performances. The phase noise characteristics of three VCOs are presented in Fig. 4 . Table I shows the tank amplitude of the three VCOs discussed versus their respective biasing currents. As can be seen, the proposed gm-enhanced differential Colpitts VCO shows amplitudes that are larger than the other two VCOs when the biasing current is varied from 1 mA to 5 mA.
The phase noises of the three VCOs versus the respective biasing current are tabulated Table II . After changing the biasing current from 1 mA to 5 mA, the proposed gm-enhanced differential Colpitts VCO is seen to be able to yield a better phase noise performance over the other two VCOs. As seen in Table II , the conventional cross-coupled VCO has a phase noise of -125.3 dBc/Hz at 1 MHz offset while the differential Colpitts VCO attained -126.9 dBc/Hz at 1 MHz offset, and hence a better performance than the conventional one. The proposed gm-enhanced differential Colpitts VCO however has the best phase noise performance among the three, achieving a phase noise of -128.9 dBc/Hz at 1 MHz offset.
To have a better insight of the proposed gm-enhanced differential Colpitts VCO, the three oscillators are operated at1.8 GHz, and varying with biasing current only. The phase noise at 1 MHz offset is given in Fig. 5 . The tank amplitude Gm-enhanced differential Colpitts -119.0 -125.7 -128.9 -130.5 -131.6 changing with biasing current is also drawn in the same graph.
In Fig. 5 , the tank amplitude of gm-enhanced differential Colpitts VCO is larger than the other two VCOs. Due to this increased tank amplitude, a better phase noise performance can be achieved. This has been verified by the simulation results. In addition, we also observed that the differential Colpitts VCO call for a 2 mA biasing current to start-up, while the gmenhanced differential Colpitts VCO requires only 1 mA, which is comparable to the conventional cross-coupled VCO. As explained above, this improvement is attributed to the two cross-coupled pairs that help to increase the transconductance of the VCO, hence relaxing the start-up condition.
V. CONCLUSIONS This paper presents a novel gm-enhanced differential Colpitts VCO. The proposed VCO reduces the start-up biasing current and increases the tank amplitude. The performance of the proposed gm-enhanced differential Colpitts VCO is demonstrated by simulations and has been compared with both the conventional cross-coupled VCO and differential Colpitts VCO.
When biased at 3 mA, the phase noise of the proposed gmenhanced differential Colpitts VCO is -128.9 dBc/Hz at 1 MHz offset, which is 3.5 dBc/Hz better than that of the conventional cross-coupled VCO and 1.9 dBc/Hz better than that of differential Colpitts VCO.
